Background: Smoking is a major modifiable risk factor for premature mortality. Estimating the smokingattributable burden is important for public health policy. Typically, prevalence-or smoking impact ratio (SIR)-based methods are used to derive estimates, but there is controversy over which method is more appropriate for countryspecific estimates. We compared smoking-attributable fractions (SAFs) of deaths estimated by these two methods. Methods: To estimate SAFs in 2012, we used several different prevalence-based approaches using no lag and 10-and 20-year lags. For the SIR-based method, we obtained lung cancer mortality rates from the Korean Cancer Prevention Study (KCPS) and from the United States-based Cancer Prevention Study-II (CPS-II). The relative risks for the diseases associated with smoking were also obtained from these cohort studies. Results: For males, SAFs obtained using KCPS-derived SIRs were similar to those obtained using prevalencebased methods. For females, SAFs obtained using KCPS-derived SIRs were markedly greater than all prevalencebased SAFs. Differences in prevalence-based SAFs by time-lag period were minimal among males, but SAFs obtained using longer-lagged prevalence periods were significantly larger among females. SAFs obtained using CPS-II-based SIRs were lower than KCPS-based SAFs by >15 percentage points for most diseases, with the exceptions of lung cancer and chronic obstructive pulmonary disease. Conclusions: SAFs obtained using prevalence-and SIR-based methods were similar for males. However, neither prevalence-based nor SIR-based methods resulted in precise SAFs among females. The characteristics of the study population should be carefully considered when choosing a method to estimate SAF.
INTRODUCTION
Estimating disease burden and quantifying the relative contributions of various risk factors can inform prevention strategies at a national level. Country-specific risk assessments of disease burden have been undertaken since the 1990 Global Burden of Disease (GBD) study, the first global comparative risk assessment. 1 Smoking is a leading cause of cancers, heart disease, and chronic lung disease. 2 According to the GBD study, 6.3 million deaths worldwide were attributable to smoking and secondhand smoking in 2010, rendering it the second leading contributor to disease burden. 1 Because it is a major modifiable risk factor for premature mortality, estimating the burden attributable to smoking is particularly important, and several methods have been developed to measure it. [3] [4] [5] [6] The most common is the prevalence-based method, followed by the smoking impact ratio (SIR) method. 4 The prevalence-based method is calculated using the prevalences of current and former smoking. However, national prevalence data are frequently unavailable, and more importantly, the current prevalence of smoking may not be a good indicator of smoking hazards accumulated in previous years because it cannot integrate smoking history information pertaining to age at initiation, duration and intensity of smoking, quitting, type of cigarette smoked, and particular patterns of smoking behavior. 5, 7 The incongruity of using current smoking prevalence to calculate the deaths attributable to smoking exposure in previous years has led to the use of a time-lagged prevalence approach. 5 The SIR, an indirect indicator of the cumulative exposure to smoking in a given population, is defined as excess population lung cancer mortality for never-smokers relative to excess lung cancer mortality for a known reference group of smokers, adjusted to account for differences in never-smoker lung cancer mortality rates across the population. 1, [5] [6] [7] [8] [9] SIR presents the accumulated smoking hazards of the study population as a proportion of smokers among a reference population, where relative risks (RRs) for other diseases are known and lung cancer mortality rates of smokers and never-smokers are the same as those of the study population. [7] [8] [9] [10] [11] In the Republic of Korea, there has been a rapid decrease in smoking prevalence, and all data sources necessary for calculating the smoking-attributable fraction (SAF) of deaths are available: a national dataset for smoking prevalence, relative risks for various diseases determined from a largescale cohort, and the lung cancer mortality rates of smokers and never-smokers. For risk assessment of disease burden to inform national prevention strategies, a comparison of SIRand prevalence-based methods may be useful. Although several studies have indicated that estimates using the two methods are similar (although the SIR-based estimates tend to be higher, particularly for cardiovascular diseases [CVDs] and diabetes and among females), 3, 6 no such study has been conducted in Asian countries.
In this study, we compared the SAF of deaths in Korea using prevalence-and SIR-based methods with several different approaches based on the reference population and lag time.
METHODS
Smoking exposure measures Prevalence-based method Four approaches with three prevalence datasets were employed: 1) prevalence of current (CS) and former smoking (FS) with no lag period (no lag-CS+FS prevalence); 2) 10-year-lagged prevalence of only CS (lag10yr-CS prevalence); 3) 10-year-lagged prevalence of both CS and FS (lag10yr-CS+FS prevalence); and 4) 20-year-lagged prevalence of only CS (lag20yr-CS prevalence). Current and 10-year-lagged prevalence data according to sex and 5-year age group were extracted from the 2012 and 2001 Korea National Health and Nutrition Examination Surveys, 12 and 20-year-lagged prevalence data according to sex and 10-year age group were taken from the 1990 Survey on the Smoking Habits in Korea. 13 
SIR-based method
We estimated three types of SIR using the Korean Cancer Prevention Study (KCPS) and Cancer Prevention Study-II (CPS-II): 1) SIR based on the lung cancer mortality rates of smokers and never-smokers derived from the KCPS (KCPS-SIR); 2) SIR based on estimated lung cancer mortality rates among older-aged KCPS smokers (adjusted KCPS-SIR); and 3) SIR based on the lung cancer mortality rates of smokers and never-smokers derived from the CPS-II (CPS-II-SIR).
The KCPS included a cohort of 1.3 million males and females 30-95 years of age who participated in a National Health Insurance Corporation medical evaluation between 1992 and 1995. [14] [15] [16] [17] The majority of males in the cohort were ever-smokers (current, 59%; former, 21%); 30% of the current smokers smoked ≥20 cigarettes per day. Lung cancer mortality rates were obtained from a comprehensive study of lung cancer 18 in which KCPS never-smokers were followed-up to 2004, with the follow-up of current smokers limited to 1998 to allow for comparison with the CPS-II and to minimize the effects of cessation. Additionally, we compared KCPS lung cancer mortality rates with those of a pooled analysis of three large-scale cohort studies in Japan (Japan Public Health Center-Based Prospective Study, Japan Collaborative Cohort Study, and Three-Prefecture Cohort Study [3-pref study]) (J3CS) among males and those of the 3-pref study among females. [18] [19] [20] We then estimated lung cancer mortality rates in KCPS smokers aged ≥75 years using a log-linear regression model to calculate the adjusted KCPS-SIR because they were markedly lower than those of the J3CS/3-pref study and those in the Korean population in 2012, rendering the original KCPS-SIR larger than 1.
The CPS-II was a prospective cohort study conducted by the American Cancer Society. Approximately 1.2 million males and females were enrolled in 1982 and followed-up to 1988. 8, 9, 21 The majority of males were current, lifelong smokers with a mean consumption of approximately 20 cigarettes per day. We used the CPS-II data to estimate SIR in accordance with the majority of previous GBD studies. The CPS-II study was conducted when the effects of smoking on mortality fully appeared; the study also included RRs for diseases associated with smoking, adjusted for important covariates. 6, 10, 22 CPS-II lung cancer mortality rates were retrieved from the National Cancer Institute Monograph 8.
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The background SIR was calculated using the following formula:
where C LC and N LC are the lung cancer mortality rates of the overall study population and of the never-smokers therein, respectively; S * LC and N * LC represent the lung cancer mortality rates of smokers and never-smokers in a reference population, respectively. 5, [7] [8] [9] The present study used the lung cancer mortality rates of KCPS never-smokers as N LC .
Relative risks for diseases associated with smoking The RRs of diseases associated with smoking used to estimate SAFs are listed in Table 1 . We used the relative risks for diseases from KCPS in estimating prevalence-and KCPS-SIR-based SAFs. 14, 15, 17, 23, 24 For CVDs and chronic obstructive pulmonary disease (COPD), age-specific RRs were not available from the KCPS; therefore, we used RRs from the J3CS, [25] [26] [27] as the sample populations are comparable. To estimate CPS-II-SIR-based SAFs, RRs from the CPS-II were used. 6, 8, 9, 22, 28 RRs were adjusted for important covariates for each disease; RRs for cancers in former smokers and for tuberculosis in current and former smokers in KCPS were age adjusted; RRs for CVDs in J3CS were adjusted for age and cohort.
Calculation of the smoking-attributable fraction of mortality SAFs were calculated using an attributable-fraction formula applicable to multiple categories. [29] [30] [31] Using the prevalencebased method, the SAF for each disease according to sex and age group was calculated using the following formula:
P FS and P CS represent the prevalence of former and current smokers, respectively, and RR FS and RR CS represent the RRs of former and current smokers, respectively. For the SIR-based method, the SAF was calculated using the following formula: The overall SAF for each disease was calculated as a weighted average of age-specific SAFs according to the number of deaths in each age group. The number of causespecific deaths and the lung cancer mortality rates according to sex and 5-year age group in 2012 were obtained from Statistics Korea. 32 The analysis was restricted to the population ≥40 years of age and was conducted separately by sex. This study analyzed publicly available datasets and was therefore exempt from institutional review board approval.
RESULTS
Relative risks and prevalence of smoking and smoking impact ratio For current smokers, the RRs for laryngeal, esophageal, and lung cancer, ischemic heart disease (IHD) among age groups <60 years, COPD, and asthma were relatively high (>2.5) in the KCPS (Table 1) . RRs were higher in the CPS-II study, particularly for lung cancer and COPD, although J3CS and CPS-II RRs for IHD were similar. For the majority of the diseases, RRs for former smokers were much lower than for current smokers.
Among males, current smoker prevalence declined steeply, and former smoker prevalence increased with age (Table 2) . Current smoker prevalence in 2012 was lower than that in 2001 and 1990 in all age groups, by approximately 15 and 30 percentage points, respectively. Ever-smoker prevalence rates across 10-year birth cohorts were stable. For example, the current smoker prevalence of males aged 40-49 years in 1990 was 72.9%, and the ever-smoker prevalence was approximately 78% in males aged 50-59 years in 2001 and 60-69 years in 2012. In females, current smoker prevalence was <7% for the majority of the age groups, but was markedly higher in females ≥60 years of age (29.5% in 1990 and 11% in 2001) , although this decreased to 2.4% in 2012. Lung cancer mortality rates among never-smokers in the KCPS and J3CS/3-pref study were higher than those in CPS-II (Figure A-B) . The rates among CPS-II smokers were markedly higher than other Asian cohorts. Lung cancer mortality rates increased with age in all cohorts and in the general Korean population in 2012. However, lung cancer mortality rates among KCPS smokers abruptly decreased in older age groups and were significantly lower than the J3PS/ 3-pref study and the general Korean population in 2012. Accordingly, the KCPS-SIR, which was approximately 0.5-0.7 for males and 0.1-0.2 for females in the majority of age groups, abruptly increased to 1 in males ≥75 and in females ≥80 years of age (Table 2) . After adjusting lung cancer mortality in older age groups, the KCPS-SIRs were similar to those in younger age groups. The CPS-II-SIRs were <0.1 for the majority of the age groups, which were markedly lower than the KCPS-SIRs.
Smoking-attributable fractions of deaths
Among males, differences in SAFs by time-lagged prevalence period were <10 percentage points for the majority of diseases (Table 3 ). The highest SAFs for the majority of diseases were derived using lag20yr-CS prevalence, followed by lag10yr-and no lag-CS+FS, and then by lag10yr-CS prevalences. The lag10yr-CS+FS prevalence-based SAFs were 39.4% for cancers, 20.9% for total CVD, and 32.4% for respiratory diseases.
The KCPS-SIR-based SAFs were as follows: 40.4% for cancers, 24.0% for total CVD, and 35.1% for respiratory diseases. Adjusted KCPS-SIR-based SAFs were estimated to be lower by approximately 3 percentage points. CPS-II-SIRbased SAFs were markedly lower compared with those of the KCPS for most diseases, except lung cancer and COPD. There were differences of >15 percentage points between the KCPS and CPS-II SAFs for several diseases, including IHD and laryngeal cancer.
Prevalence-based and SIR-based methods using a national cohort produced similar estimates for males. Adjusted KCPS-SIR-and lag10yr-CS+FS prevalence-based SAFs, as well as original KCPS-SIR-and lag20yr-CS prevalence-based SAFs, differed by <5 percentage points for the majority of diseases. a Lung cancer mortality rates among men in the pooled analysis of the three large-scale cohort studies in Japan. 20 b Smokers' lung cancer mortality rates among women are depicted with values approximated from the graph of the three-prefecture cohort study. 19 c Never-smokers' lung cancer mortality rates among women in the three-prefecture cohort study. 18 Among females, differences among SAFs according to time-lagged prevalence period were <10 percentage points for the majority of diseases, but the largest difference was 32 percentage points for COPD (Table 4) . Lag20yr-CS prevalence-based SAFs were the highest for the majority of diseases, followed by lag10yr-CS+FS and lag10yr-CS prevalences (which were highly similar to each other) and no lag-CS+FS prevalence-based SAFs. Lag10yr-CS+FS prevalence-based SAFs were 5.5% for cancers, 7.5% for total CVDs, and 13.6% for respiratory diseases.
KCPS-SIR-based SAFs were as follows: 18.0% for cancers, 27.7% for CVD, and 37% for respiratory diseases. Adjusted KCPS-SIR-based SAFs were 11% for cancers, 12.7% for CVD, and 19.9% for respiratory diseases. CPS-II-SIR-based SAFs were lower than KCPS-SIR-based SAFs, except for lung cancer and COPD, with differences of >20 percentage points for several diseases, including IHD, diabetes, and esophageal cancer. CPS-II-SIR-based SAFs were larger or smaller than adjusted KCPS-SIR-based SAFs depending on the disease assessed.
In females, SIR-based SAFs were significantly larger than prevalence-based SAFs. There was a difference of approximately 17 percentage points between KCPS-SIRand lag20yr-CS prevalence-based SAFs, which were >20 percentage points for the majority of diseases. Adjusted KCPS-SIR-and lag20yr-CS prevalence-based SAFs differed by <5 percentage points for most diseases.
DISCUSSION
This study is the first conducted in an Asian population to estimate and compare the SAFs of deaths by the most commonly used methods using the country's own lung cancer mortality rates of smokers and never-smokers and RRs of various diseases associated with smoking, all of which exhibit differences compared to Western countries. SIR-and prevalence-based SAFs were similar in males, but SIRderived estimates were significantly higher than prevalencebased SAFs in females. SIR-based SAF estimates differed among reference cohorts according to lung cancer mortality rate, disease RRs, smoking history, and other factors. The 20-year-lagged prevalence-based SAFs were similar to those in a recent study of SAFs for cancer in Korea in 2009. 33 However, SAFs in females in that study were slightly lower than values in our study. This might be caused by the application of a lower prevalence of smokers among the elderly and the use of RRs from different data sources. Other studies 24, 34 reported higher SAFs for CVD deaths (37% and 31% among males) because the higher prevalences of smokers from 1980 or higher RRs (1.7 and 2.2) were applied to older ages.
Among prevalence-based SAFs, differences according to lag-time were marginal in males, whereas SAFs obtained using longer-lagged prevalence periods were significantly larger in females. The prevalence of current smokers among Korean males peaked in 1980 (79.3%) and has continued to decrease during the past 30 years to 43.3% in 2012. 12, 13, 35 However, because the prevalence of ever-smokers in each 10-year birth cohort was stable, SAF estimates were similar among males when the prevalences and RRs of former smokers were included in analyses. Among Korean females, changes in prevalence of smokers were relatively marginal (12.6% in 1980; 7.7% in 1990; 5%-7.4% thereafter) except in those ≥60 years of age (47.2% in 1980; 2.4% in 2012). Differences according to time-lag period were largely attributable to the cohort of females in their 70s and 80s in 2012; the prevalences of smokers among females in their 70s and 80s in 2012 were approximately 3.7% and 0.9% in the analysis with no lag, approximately 6% and 18% with a 10-year lag, and 11.3% and 29.5% with a 20-year lag. Furthermore, SAF differences according to current prevalence of smokers were not redeemed by former prevalence of smokers and RRs.
In countries exhibiting a decreasing trend in prevalence of smokers, using current prevalence is a conservative method of estimating deaths attributable to smoking. 5 When using the lag-time approach, risk decline after cessation 7 should be considered. For lung cancers, >15 years of smoking cessation was required to reduce the lung cancer risk to the level of never-smokers. 7, 20, 36 Risk decline after cessation is assumed to be similar for other cancers. For IHD and stroke, risk among former smokers decreased more rapidly than risk for lung cancer, becoming equivalent to that of never-smokers after 10-14 years. 25, [36] [37] [38] Using a 20-year-lagged prevalence method, the inclusion of prevalence and RR of former smokers could result in SAF overestimation. The 10-yearlagged prevalence method may represent the most appropriate choice for evaluating most diseases. In the GBD study, SIR was used to estimate exposure to smoking for cancers and chronic respiratory disease, with 10-year-lagged prevalence used for all other outcomes. 1 Particularly in females, KCPS-SIR-based SAFs were larger than SAF estimates derived using other methods. This difference was largely due to the high SIR of 1, which was caused by the unexpectedly low lung cancer mortality rates in KCPS smokers ≥75 years of age ( Figure B) . Such low lung cancer mortality rates in old age were not observed in the general Korean population in 2012 but were consistent with those observed among the Korean population during 1992-1998 (ie, the time period identical to that of the followup of KCPS smokers). This is unlikely to be due to the low cumulative hazard of smoking, as the smoking prevalence in the 1980s, when these individuals would have been in their 50s or 60s, was higher than at any other time in the 30 years since 1980. 12, 13, 35 Low lung cancer mortality rates during 1992-1998 were probably due to under-diagnosed cancer deaths among the elderly, [39] [40] [41] as suggested by the fact that the proportion of cancer deaths to all deaths among those ≥75 years of age increased by 15 percentage points between 1992 and 2012. 32 Furthermore, the characteristics of smokers in the general population may increasingly differ from those of the reference cohort's smokers over time. 6 If the low lung cancer mortality rates of the reference cohort's smokers were caused by factors other than smoking, SIR-based SAFs might be overestimated. Therefore, we estimated the lung cancer mortality rates of older age groups using a log-binomial regression model and calculated the adjusted KCPS-SIRs accordingly. However, the suspicion of dissimilarity between smokers represented by KCPS and those in the current general Korean population and the need for the modeled values reduced our preference for KCPS-SIR-and adjusted KCPS-SIR-based SAFs.
Compared with SAFs of other countries, KCPS-SIRbased SAFs for cancer in Korea were similar to those of developed countries and Japan but were lower than those of the United States. 6, 26, 42 CPS-II-SIR-based SAFs for each type of cancer and COPD were similar to the results from the Institute for Health Metrics and Evaluation (IHME) 43 of the GBD 2010, 1 although the re-estimated CPS-II RRs were used. CPS-II-SIR-based SAFs for cancers and COPD and those from the IHME were similar to the SAFs from the IHME in Japan and Singapore and lower than those of developed countries and the United States. 43 SAFs derived from the GBD 2010 study tended to be lower than SAFs derived from prevalence-and KCPS-SIR-based methods among Korean males. This tendency was similar to those in Japanese studies. 26, 27, 43, 44 CPS-II-based SAFs were markedly smaller than KCPS-SIR-and prevalence-based SAFs for most diseases, except lung cancer and COPD. The marked difference in SAF estimates by reference population may not be surprising. The background SIR was estimated under the assumption that the RR for lung cancer mortality was constant across countries. 5, 7 However, the RR of smoking-associated lung cancer mortality in Korea and Japan is significantly lower than in Western countries. 19 This is partly attributable to the lower level of exposure among smokers, the higher lung cancer mortality rates in nonsmokers caused by a less-strict definition and greater exposure to environmental tobacco smoke, and lifestyle or genetic differences. Regardless of the cause of this discrepancy, the risk excess (that is, RR − 1) for lung cancer mortality in the CPS-II was approximately five times higher than that of the KCPS, resulting in a much lower SIR. This SIR, which represents smoking exposure based on lung cancer risk, is applied to the calculation of the SAFs for other diseases. Consequently, the CPS-II-based SAFs were much smaller for the diseases for which RRs were not as high as the RRs for lung cancer. Furthermore, the smoking history of the study population may be very different from that of the reference population, thus invalidating the assumption underlying SIR that excess risks for lung cancer and other diseases are in a constant ratio among all subpopulations defined by smoking categories. 45 Therefore, CPS-II-based SAFs may be less suitable for a population with very different RRs for lung cancer and other diseases and smoking history than those derived using other methods.
The difference between SIR-and prevalence-based SAFs among females was greater than that among males. A large discrepancy among females was also found in a Japanese study, and those authors considered the discrepancy to be due to a large difference between smoking exposure measures (ie, SIR and current smoker prevalence). 46 Oza et al suggested several explanations for the discrepancy in estimates according to study methods. 6 In our study, the difference between SIR-and prevalence-based SAFs among females might be due to underestimation of smoker prevalence. In a Korean study, cotinine-verified smoking rates were 5.2 percentage points higher than self-reported rates. 47 The Korean government's attempts to regulate tobacco use, together with social pressure and a traditional, Confucianismbased culture, could account for the underreporting of female smoking in Korea. When we assumed that prevalence rates of current and former smokers among females in 2001 were both higher by 5 percentage points in all age groups, estimated SAFs accorded more closely with adjusted KCPS-SIR-based SAFs, although they were still lower. In addition, lung cancer mortality rates among female smokers in KCPS might be underestimated due to underreported smoker prevalence (prevalence 4%) 16, 17 and under-diagnosed lung cancer deaths (99 cases) during a follow-up period of only 6 years, 18 even though KCPS is a large cohort including 480 000 females. 16 Another reason may be that the rates of ill-defined causes of deaths were higher among females in the 1990s, 40, 41 so lung cancer mortality rates may have been underestimated and SIR overestimated in comparison to males. However, such a large difference between the two methods among females could not be sufficiently explained, and the cause of such a difference remains unclear.
This study has several limitations. First, we used the agespecific RRs for CVDs and COPD from a Japanese study due to the lack of data from Korean studies. Second, the 6-year follow-up period for lung cancer mortality rates in the KCPS cohorts seemed to be short for observation of risk of related diseases. Finally, we did not cover the secondhand smokingattributable burden because the SIR method is not usually used for estimating deaths attributable to secondhand smoking.
Despite such limitations, this study contains important implications for estimating smoking-attributable deaths in countries with mortality rates and disease risks different from Western countries. Currently, either prevalence-or SIR-based methods can be used to estimate SAFs for Korean males. However, prevalence-based methods would be more appropriate than SIR-based methods for females. We cannot be sure that the lung cancer mortality rates of the cohort's smokers were stable and comparable to those of current smokers. On the other hand, more valid prevalence data may be obtained through the development of a survey system. If more valid exposure data were available, the prevalence-based method would be more appropriate.
In conclusion, prevalence-and SIR-based methods can both be used to estimate smoking-attributable deaths, but both methods have limitations. Therefore, a population's smoking history, lung cancer mortality rates, disease risks, and tendency toward underreporting of smoking behavior, as well as data availability, should all be considered when selecting a method of estimating smoking-attributable deaths.
